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The systematics of the dragonﬂy family Libellulidae remains an unsolved puzzle. The classiﬁcation into subfamilies
relies primarily on wing venational characters, as is the case for most systematic hypotheses on dragonﬂies. In this
study, we show that the discovery of unknown libellulid larvae can change tremendously our views on phylogenetic
relationships. The larvae of the genera Micromacromia Karsch, 1889 and Allorhizucha Karsch, 1889 are described and
illustrated. They are brieﬂy compared with the larva of NeodythemisKarsch, 1889. The larvae of A. klingiKarsch, 1889
and N. africana Fraser, 1954 are extremely similar. The larva of M. camerunica Karsch, 1889 displays well developed
dorsal hooks on abdominal segments 4–8, which distinguishes it from other closely allied genera. Micromacromia,
Allorhizucha and Neodythemis are traditionally placed within the Tetrathemistinae, but their larvae strongly resemble
those in the subfamily Libellulinae. Larval morphological studies and a molecular analysis based on mitochondrial
SSU, LSU and tRNA valine imply that Micromacromia, Allorhizucha and Neodythemis have to be placed in the
subfamily Libellulinae. Consequently, the subfamily Tetrathemistinae becomes a polyphyletic group. Our analysis
suggests that imaginal characters, and in particular wing venation, are much more often prone to homoplasious
evolution than previously anticipated. Taxonomic or systematic works predominantly based on wing venation might
be in need of substantial revision, at least within this dragonﬂy family, presumably even in the whole suborder
Anisoptera, based on independent character sets like larval and molecular data.
r 2007 Gesellschaft fu¨r Biologische Systematik. Published by Elsevier GmbH. All rights reserved.
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The family Libellulidae (subfamily Libellulinae in
Tillyard 1917) is divided into 11–13 subfamilies,e front matter r 2007 Gesellschaft fu¨r Biologische Systemat
e.2006.08.003
ng author. Current address: Museu Integrado de
rigadeiro Eduardo Gomes, Parque Anaua´, 69305-010
ima, Brazil.
ss: gﬂeck@uni-bonn.de (G. Fleck).depending on authors (Tillyard 1917; Fraser 1957;
Davies and Tobin 1985; Bridges 1994; Steinmann
1997). Libellulidae is the most species-rich family within
the Anisoptera, with more than 900 described species.
This family is distributed worldwide and found in all
aquatic habitats and biota. The species assemblage
within the libellulid subfamilies is extremely heteroge-
neous. Between 1909 and 1919, Ris, in a remarkable
monograph, made the ﬁrst ‘modern’ attempt at revisionik. Published by Elsevier GmbH. All rights reserved.
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of the libellulids. In 1917, Tillyard established the ﬁrst
comprehensive classiﬁcation of this family, with the
creation and deﬁnition of subfamilies. Except for minor
modiﬁcations by several authors (Fraser 1957; Davies
and Tobin 1985; Steinmann 1997; Silsby 2001), this
classiﬁcation has remained in use. Most subfamilies are
not really well deﬁned, due to a lack of diagnostic,
unique (autapomorphic) character states, and most
characters are variable within a subfamily or found in
other subfamilies.
A complete cladistic analysis of the Libellulidae has
not been attempted, except by Bechly (1996) who
published a phylogeny of recent and fossil Odonata
in which he also addressed problems of phylogeny
within the family. He proposed a basal sister-group
relationship of Macrodiplacidae ( ¼ Urothemistidae)
and Libellulidae, as had been proposed by Fraser
(1957). However, Bechly left relationships at the
subfamily level completely unresolved, realising that
the internal clades are weakly supported by few (often
only one) doubtful or homoplastic characters (e.g. body
colouration).
Tetrathemistinae is a loosely deﬁned subfamily within
Libellulidae. In general, most species within this
subfamily are small, inconspicuous rainforest inhabi-
tants of the tropics, often found along forest creeks. Not
much is known about their life history and larval
morphology (Corbet 1999). Shady rainforest habitats in
distinctly ﬂowing stretches of brooks are quite an
unusual habitat for libellulid species. This remarkable
feature of many tetrathemistine taxa makes them
interesting to evolutionary biologists and systematists
as well.
Species of the genera Micromacromia Karsch, 1889,
Allorhizucha Karsch, 1889, and Neodythemis Karsch,
1889 have traditionally been classiﬁed within the
libellulid subfamily Tetrathemistinae (Tillyard 1917;
Fraser 1957; Davies and Tobin 1985; Bridges 1994;
Steinmann 1997). In these three genera, together
comprising 14 species, larvae were completely unknown
or at least undescribed so far. Tetrathemistinae is
deﬁned by narrow wings with reduced venational
complexity represented, e.g. by the small, nearly
equilateral triangle often broken at the costal side or
by the reduction of the anal loop in hindwings. Most
Tetrathemistinae are relatively small forms, with yellow
and black markings. All those character states are
currently considered as ‘primitive’, and the Tetrathe-
mistinae as a ‘primitive’ group. Nevertheless, these
characters are also found in other libellulid subfamilies
(e.g. Brachydiplacinae), but almost absent in the
potential outgroups (Macrodiplacidae, Corduliidae sen-
su stricto). Thus, it appears unclear whether the current
classiﬁcation actually reﬂects a natural system, as
already mentioned by Vick (2000).It is therefore vitally important that additional
character sets are used to clarify the taxonomic and
phylogenetic status of the subfamily. In this study, we
demonstrate that the discovery of the larvae of
Micromacromia camerunica Karsch, 1889, Allorhizucha
klingi Karsch, 1889, and Neodythemis africana Fraser,
1954, as well as sequence information for their
mitochondrial SSU and LSU genes, helps to clarify
open taxonomic and systematic problems.Material and methods
Material
Larvae were collected in 2002 in Gabon. Some of
them were preserved in ethanol, some reared until
hatching. Adults are preserved in 96% ethanol and
deposited in the Museum Alexander Koenig, Bonn,
Germany.Molecular analysis
Our molecular analysis is based on three mitochon-
drial gene regions: the mt SSU rRNA gene fragment,
tRNA valine, and the mt LSU rRNA gene fragment.
The technical details of DNA extraction, PCR and
sequencing are identical to previously published work
(Misof et al. 2001), and therefore are not repeated here.
The phylogenetic analysis is based on an alignment
which was aided by secondary-structure information on
the SSU, LSU, and tRNA valine (compare methods in
Misof et al. 2001; Misof and Fleck 2003).
A data set explicitly stating all details of the analysis is
available from the authors upon request. Alignment-
ambiguous sites were excluded prior to phylogenetic
analyses.
The data are derived from 35 species represented by
39 specimens. Sequences of Somatochlora metallica and
Oxygastra curtisii served as outgroups. Base frequencies
and rate proﬁles were calculated using the Treeﬁnder
software package (Jobb 2005). Maximum likelihood
(ML) bootstrap support was calculated in Treeﬁnder,
too.
The Bayesian approach was executed relying on
MrBayes (Huelsenbeck and Ronquist 2002). We ran
three hot and one cold chain using the default proposal
parameters and ﬂat priors for 1,000,000 generations,
and repeated the complete procedure to monitor
convergence. The Markov chains were run for a general
time-reversible model plus gamma-distributed site rates.
Samples were drawn every 100 generations. As starting
trees we relied on random trees. The ﬁrst 2000 trees were
discarded as burn-in trees of the chains. A majority rule
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Table 1. (continued )
Taxon Collection
locality
GenBank
accession no.
‘Brachydiplacinae’
Micrathyria didyma French
Guyana
DQ021421
Nannophya pygmaea Japan DQ021420
Trithemistinae
Huonia epinephela Papua New
Guinea
DQ021429
G. Fleck et al. / Organisms, Diversity & Evolution 8 (2008) 1–16 3consensus tree was created from all trees with a
cumulative probability of 95% explanatory power.
It is not within the scope of this study to present an
exhaustive molecular analysis of the Libellulidae. We
restrict our analysis to representative taxa within the
family and concentrate on the important groups under
consideration. However, representatives of all currently
recognised libellulid subfamilies are included. Sequence
accession numbers are presented in Table 1. A much
more exhaustive molecular data set will be published
elsewhere (Fleck et al., unpublished).Table 1. List of species
Taxon Collection
locality
GenBank
accession no.
Libellulinae
Orthetrum brunneum France DQ021411
Iran DQ021414
Iran DQ021415
Iran DQ021416
Orthetrum albistylum Greece DQ021413
France DQ021412
Orthetrum coerulescens France DQ021445
Orthemis cultriformis French
Guyana
DQ021444
Orthemis discolor French
Guyana
DQ021417
Libellula fulva Greece AF266098
Libellula quadrimaculata France DQ021418
Oxythemis
phoenicosceles
Cameroon DQ021443
Lyriothemis
elegantissima
Japan DQ021442
Cratilla metallica Malaysia DQ021441
Hadrothemis infesta Gabon DQ021440
Misagria parana French
Guyana
DQ021419
Agrionoptera insignis Japan DQ021439
Thermorthemis
madagascariensis
Madagascar DQ021438
‘Tetrathemistinae’
Micromacromia
camerunica
Kenya DQ021436
Neodythemis africana Gabon DQ021435
Allorhizucha klingi Gabon DQ021437
Allorhizucha preussi Gabon DQ021434
Malgassophlebia
aequatoris
Gabon DQ021433
Bironides sp. Papua New
Guinea
DQ021432
Notiothemis robertsi Kenya DQ021431
Tetrathemis polleni Madagascar DQ021430
Palpopleurinae
Perithemis lais French
Guyana
DQ021422
Rhyothemistinae
Rhyothemis
variegata imperatrix
Japan DQ021428
Onychothemistinae
Onychothemis testacea Malaysia DQ021427
Trameinae
Tramea lacerata USA AF266099
‘Sympetrinae’
Crocothemis erythraea Greece AF266100
Sympetrum vulgatum Austria DQ021426
Leucorrhiniinae
Celithemis elisa USA DQ021425
Urothemistinae
Macrodiplax cora Japan DQ021424
Zyxommatinae
Tholymis citrina French
Guyana
DQ021423
Corduliidae s.l.
Somatochlora metallica Austria AF266102
Oxygastra curtisii France AF266103Results and discussion
Larval descriptions
Micromacromia camerunica Karsch, 1889
(Figs. 1–7, 18, and 19)
Material
Two exuviae (adults reared: one male and one
female), ﬁve ultimate instar larvae (F-0), one penulti-
mate instar larva (F-1); running brooks, Gabon,
vii.2002, G. Fleck collector.
All specimens are preserved in 96% ethanol, with the
exception of the exuviae (air dried). The specimens are
deposited in the Museum Alexander Koenig, Bonn. One
larva will be deposited in the collections of the
CENAREST, Gabon.
Description of last instar (F-0)
Body. Small and elongate, of typical Libellulinae type
(Fig. 1; compare with Fig. 26); mainly greenish to
yellowish in the specimens reared from the F-1 or F-2,
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Figs. 1–5. Micromacromia camerunica, larval external mor-
phology. (1) General habitus of exuviae, dorsal view, setae
omitted. (2) Head, setae omitted: (a) postero-dorso-lateral
view and (b) frontal view. (3) Labium, ventral view.
(4) Labium, dorsal view. (5) Right labial palp, frontal view.
Figs. 6 and 7. Micromacromia camerunica, larval external
morphology. (6) Abdomen, left lateral view. (7) Last
abdominal segments and anal pyramid, dorsal view.
G. Fleck et al. / Organisms, Diversity & Evolution 8 (2008) 1–164with variable, generally not well marked, sombre areas
or spots on the antefrons, the occiput, the dorsal
margins of the metepisternum and metepimeron, at the
femur-tibia articulations, on dorsal hooks and the dorsal
median part of the abdomen, and often on the entire S9
(ninth abdominal segment) (Fig. 18), the ventral side
being nearly entirely yellowish except for a thin
longitudinal line sometimes present on S3 or S4–S8
(Fig. 19) (larvae caught in the ﬁeld are more or less
covered by a thin coat of reddish sediment that often
obscures the true colours); larvae covered by thin and
long setae, these hair-like setae particularly abundant at
the frontal margin, the antennal bases, the lateral
margins of the thorax, the femora and tibiae, the lateral
abdominal margins, and the posterior part of abdominal
sternite 9.
Head. Square-shaped, nearly as broad as thorax;
antennae long, with seven segments; eyes small, located
antero-laterally, projecting above postfrons and dorsal
part of occiput (Fig. 2); occiput well developed, with
parallel lateral margins, its posterior margin nearly
straight and with strong setae; mask rather short andbroad, particularly hairy on outer side (Fig. 3),
submentum-mentum articulation just reaching level of
synthorax; dorsal side of mentum with two unusually
convex rows of 8–13 (commonly 8–10) small mental
setae that are not well aligned (in corduliids and most
libellulids, the rows of mental setae are concave), its
distal margin (‘ligula’) well developed anteriorly and
carrying two close setae at the apex (Fig. 4); palpus with
only two palpal setae, its external margin with ﬁve to
nine small spiniform setae; distal margin of palpus with
eight or nine somewhat square-shaped and rather
shallow crenulations (in one specimen crenulations
nearly absent), each tooth ventrally pointed and
carrying three or four raptorial setae; movable hooks
long and thin (Figs. 4 and 5).
Thorax. Prothorax well developed, with a strong
pronotal shield, its posterior margin covering the
spiracles on live as well as ethanol-preserved larvae;
live larvae with costal margins of wing pads parallel or
nearly so, apices of posterior wing pads never reaching
posterior margin of S6; prothoracic and mesothoracic
legs and their claws rather short and stout, metathoracic
legs moderately long with long and thin tarsi and claws,
length of (tarsus+claw) greater than that of metatibia.
Abdomen. Relatively long and tapered; lateral margins
never parallel; dorsal hooks on S4–S8, that of S4
somewhat erect, the remainder gradually directed back-
wards (Fig. 6); small lateral spines present on S8 and S9;
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Figs. 8–11. Allorhizucha klingi, larval external morphology.
(8) General habitus of exuviae, dorsal view, setae omitted.
(9) Head, setae omitted: (a) postero-dorso-lateral view and
(b) frontal view. (10) Labium, dorsal view. (11) Right labial
palp: (a) frontal view and (b) detail in more lateral view –
minute indentations indicated by arrows.
Figs. 12 and 13. Allorhizucha klingi, larval external morphol-
ogy. (12) Abdomen, left lateral view, hypertrophied setae
represented only on fourth and ﬁfth segments. (13) Last
abdominal segments and anal pyramid, dorsal view.
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subequal, long and acutely pointed; cerci acute and long,
their length a little more than half length of epiproct
(Figs. 6 and 7).
Dimensions (in mm). Total length, excluding antennae
and mask, including anal pyramid: 14.5–14.9 (exuviae),
12.8–13.2 (larvae in ethanol); maximal width of head:
3.5–3.6 (larvae in ethanol); length of antennae: 2.2–2.3;
maximal width of abdomen: 4.1–4.3 (larvae in ethanol);
length of posterior legs: 12.2–13.0. Females slightly
larger than males.
Tentative larval diagnosis for the genus Micromacromia
This diagnosis may change after the discovery of new
larvae belonging to the genus: (1) small larva rather
uniformly coloured; (2) functional parts of eyes small
but well projecting above dorsal part of occiput;
(3) occiput well developed, with parallel lateral margins;
(4) mask rather broad, externally covered by numerous,
thin setae; (5) distal margin of mentum with a small
central expansion bearing two setae; (6) rows of smallmental setae unusually shaped, convex; (7) two palpal
setae close to the apex; (8) movable hook long and thin,
its length greater than half the length of the palpal distal
margin; (9) crenulations smooth, each tooth with an
acute indentation in the ventral part and bearing three
or four raptorial setae; (10) prothorax well developed;
(11) costal margins of wing pads parallel; (12) hind tarsi
and claws particularly long and thin, length of
tarsus+claw slightly greater than length of tibia;
(13) abdomen elongated, with dorsal hooks on S4–S8
and lateral spines on S8 and S9; (14) anal pyramid
elongated, all elements acutely pointed.Allorhizucha klingi Karsch, 1889
(Figs. 8–13, 20, and 21)
Material
Six exuviae (adults reared: three males and three
females), ﬁve F-0, one F-1; running brooks, Gabon,
vii.2002, G. Fleck collector.
All specimens are preserved in 96% ethanol, with the
exception of the exuviae (air dried). The specimens are
deposited in the Museum Alexander Koenig, Bonn. One
specimen will be deposited in the collections of the
CENAREST, Gabon.
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Figs. 14–17. Neodythemis africana, larval external morphol-
ogy. (14) General habitus of exuviae, dorsal view, setae
omitted. (15) Head, frontal view, setae omitted. (16) Labium,
dorsal view. slightly deformed. (17) Right labial palp:
(a) frontal view and (b) detail–minute indentations indicated
by arrows.
Fig. 18. Micromacromia camerunica, larval habitus, dorsal
view.
Fig. 19. Micromacromia camerunica, larval habitus, ventral
view.
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This larva looks superﬁcially similar to the former in
general appearance (Fig. 8); thus the following descrip-
tion refers to that given for Micromacromia camerunica
above.
Body. Remarkable pattern of dark brown areas and
spots (in strong contrast to the larva of M. camerunica)
present on occiput, dorsal part of pterothorax, basal
parts of wing pads and ‘pterostigmata’, on abdominal
tergites 2 or 3–8 (Fig. 20), and on abdominal sternites
3–8 (Fig. 21); excessively long and strong setae present
on lateral sides of pterothorax (absent or much more
reduced in number and size inM. camerunica), on dorsal
margin of thoracic pleurites along wing pads, on costal
margin of wing pads, and on posterior margin of
abdominal tergites (Figs. 12 and 13; compare with
Fig. 7).
Head. A little broader, more laterally developed than
that of M. camerunica which is more vertically devel-
oped; functional parts of eyes particularly small, onlyslightly projecting upwards and never reaching upper
part of postfrons and occiput (Fig. 9); palpus with only
one palpal seta, its external margin with six to eight
rather long setae (Fig. 10); distal margin of palpus with
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Fig. 20. Allorhzucha klingi, larval habitus, dorsal view.
Fig. 21. Allorhzucha klingi, larval habitus, ventral view.
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distal margin with a minute denticle in its median part
and with a small and acute spine – ventrally and
posteriorly directed – in its ventral part; each tooth
carrying only 2 or 3 raptorial setae; movable hooks
shorter than those of M. camerunica (Fig. 11).Thorax. Live larvae with costal margins of wing pads
distinctly divergent (Fig. 20); (hind tarsus+claw) and
hind tibia of approximately same length.
Abdomen. A little broader and shorter – compared to
body dimensions – than that of M. camerunica, with
lateral margins of S5–S7 nearly parallel; dorsal hooks
absent; epiproct with different shape in lateral view,
more straight or slightly upturned (Figs. 12 and 13).
Dimensions (in mm). Total length, excluding antennae
and mask, including anal pyramid: 13.2–14.3 (exuviae),
10.6–13.0 (larvae in ethanol); maximal width of head:
3.5–3.8 (larvae in ethanol); length of antennae: 2.1–2.2;
maximal width of abdomen: 3.6–3.9 (larvae in ethanol);
length of posterior legs: 11.1–11.5. Females on average
larger than males.
Tentative larval diagnosis for the genus Allorhizucha
The proposed diagnosis is close to that for Micoma-
cromia, because both genera are very specialised and
similar. They share many derived characters allowing
their separatation from all other libellulid larvae:
(1) small larva with marked pattern of dark brown
spots; (2) functional parts of eyes very small, slightly
projecting upwards and never reaching dorsal part of
occiput; (3) occiput well developed with parallel lateral
margins; (4) mask rather broad, externally covered by
numerous thin setae; (5) mental distal margin with a
small central expansion bearing two setae; (6) rows of
small mental setae unusually shaped, convex; (7) one
palpal seta close to the apex; (8) movable hook rather
long, its length lower than half length of palpal distal
margin; (9) crenulations particularly smooth, each tooth
with a median weak denticle and with a ventral acute
indentation and bearing two or three raptorial setae;
(10) prothorax well developed; (11) wing pads divergent;
(12) hind tarsi and claws rather long and thin,
tarsus+claw as long as tibia; (13) abdomen rather
elongated, without any dorsal hook but with lateral
spines on S8 and S9 and with hypertrophied setae on
posterior margins of tergites; (14) lateral margins of
S5–S7 more or less parallel; (15) anal pyramid elon-
gated, all elements acutely pointed.Notes on the genus Neodythemis Karsch, 1889
(Figs. 14–17)
Material
Three F-0 exuviae of Neodythemis africana Fraser,
1954 (adults reared: one male and two females); running
brooks, Gabon, vii.2002, G. Fleck collector.
Notes
A complete description and diagnosis for Neodythe-
mis larvae will be published elsewhere (Butler, Chelmick
and Vick, personal communication).
The larvae of A. klingi and N. africana are extremely
similar, so strikingly that in the ﬁeld they were ﬁrst
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single genus. They share the same general habitus
(compare Figs. 8 and 14), head shape (Figs. 9 and 15)
and mask (Figs. 10, 11 vs. Figs. 16, 17); both species
show a minute denticle in the median part on the labial
teeth (much more developed in N. africana), only two or
three setae per tooth, only one palpal seta, strongly
divergent wing pads, the complete absence of dorsal
hooks, and the same hypertrophied abdominal setae;
ﬁnally, the remarkable pattern of dark brown spots is
nearly identical between these two species. Except for
minor differences like a more ﬂattened movable palpal
hook, a higher (average) number of mental setae or a
larger body in N. africana, the only notable character
permitting to separate the larva of N. africana from that
of A. klingi is the complete absence of lateral abdominal
spines in the former species. Considering the larvae,
these differences easily justify division of species but
hardly of genera.
The separation of Neodythemis and Allorhizucha is
based on two adult venational structures: the shapes of
the anal loop and the postdiscoidal ﬁeld. In Neodythemis
the anal loop contains at least ﬁve cells, and the
postdiscoidal ﬁeld starts with one row of cells but
expands (to two rows of cells) before the nodus. In
Allorhizucha the anal loop contains three or four
(occasionally ﬁve) cells and the postdiscoidal ﬁeld is
not expanded until beyond the nodus (one row of cells)
(Fig. 25a) (Ris 1909; Pinhey 1961a, b, 1962; Vick 2000;
Clausnitzer, personal communication). Nevertheless,
these two characters are insufﬁcient to clearly identify
some specimens (nearly always females) of A. klingi
which, using the keys, are identiﬁed as belonging to
Neodythemis (Fig. 25b–d). The anal loop deﬁnitely is a
character of low relevance and should be omitted from
the generic deﬁnition: (1) from the 25 studied specimens
of A. klingi (15 females, 10 males) from Gabon and
Cameroon, 7 males and 1 female show an anal loop with
4 cells on at least 1 of the wings (Fig. 25a), all other
specimens show 5 (22 wings) or 6 cells (12 female wings),
respectively (Fig. 25c and d); (2) it is quite common to
ﬁnd specimens of N. africana with only 5 cells in the anal
loop; and (3) Neodythemis scalarum Pinhey, 1964 is a
species with only two or three cells in its anal loop. The
postdiscoidal ﬁeld appears to be rather variable in A.
klingi – effectively, in several female specimens two rows
of cells are found proximal to the nodus (Fig. 25c and d)
– thus its generic signiﬁcance is questionable. It appears
that Neodythemis africana and Allorhizucha klingi are
particularly similar, so that the genera Allorhizucha and
Neodythemis could be synonymised.
However, the second described species of the genus
Allorhizucha, A. preussi Karsch, 1891, shows an anal
loop and postdiscoidal ﬁeld pattern clearly different
from that in Neodythemis spp. Consequently, the genera
Allorhizucha and/or Neodythemis may be paraphyleticwith respect to each other. This would demand
taxonomic consequences, but to enact these here
appears premature given the available data.
Micromacromia seems to be rather well separated
from the above two genera, contrary to Fraser’s (1954)
and Vick’s (2000) opinions who considered Neodythemis
and Micromacromia as close together and probably
warranting combination to a single genus. It is indeed
true that the wing venation inMicromacromia resembles
that in Neodythemis, the organisation of the wings being
superﬁcially similar, with a postdiscoidal ﬁeld in the
forewing well expanded. We think this is likely an
uninformative symplesiomorphy, because a lot of genera
within the Libellulinae display this character as well (if
Micromacromia, Allorhizucha and Neodythemis are
considered belonging to this subfamily, see below), or
at least a character of little value since it is highly
variable within the Libellulinae and several other
libellulid subfamilies. Additionally in Micromacromia,
(1) the base of MP is not on MAb but in the posterior
angle of the hindwing triangle (on MAb in Neodythemis
and Allorhizucha), (2) the forewing cubito-anal area is
different (seems better developed in Micromacromia),
and (3) the female bears strong lateral expansions on S8
(poorly developed in Allorhizucha and Neodythemis).
Lastly, the larva of Micromacromia, even if rather close
to those of Neodythemis and Allorhizucha, is never-
theless distinctly different. The larva is more slender and
more elongate, and misidentiﬁcations are unlikely; the
larva of Micromacromia has: (1) the narrowest head
(dorsal view), (2) the head more elongated dorso-
ventrally, (3) the functional parts of the eyes well
projecting above the epicranium, (4) much longer
movable palpal hooks, (5) wing pads not or only very
slightly divergent, (6) well developed dorsal hooks, and
(7) no hypertrophied setae on the posterior margins of
abdominal tergites.Phylogenetic implications
Morphological data
The larvae ofM. camerunica, A. klingi and N. africana
are similar and closely resembling larvae of the
subfamily Libellulinae, in contrast to other known
tetrathemistine larvae like those of Malgassophlebia
Fraser, 1956, Notiothemis Ris, 1916, Tetrathemis
Brauer, 1868 or Nannophlebia Se´lys, 1878 which are of
a ‘sympetrine’ or ‘Onychothemis’ type (Clausnitzer 1999;
Vick, personal communication; Fleck, personal observa-
tion) (compare Figs. 26 and 27, and related comments).
The subfamily Libellulinae has always been weakly
deﬁned by a set of wing venational characters which are
either variable within the subfamily or found in other
subfamilies, too. When creating the subfamily, Fraser
(1954) indicated that it could be an artiﬁcial assemblage
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Figs. 22–25. Right wings of adults. (22) Somatochlora metallica (van der Linden, 1825) (Corduliidae). (23) Urothemis signata ssp.
(Rambur, 1842) (Macrodiplacinae). (24) Orthetrum brunneum (Fonscolombe, 1837) (Libellulinae). (25) Allorhizucha klingi:
(a) ‘typical’ forewing and hindwing (male from Gabon) – note: postdiscoidal ﬁeld narrow, anal loop with four cells; (b) forewing
with aslightly expanded postdiscoidal ﬁeld (male from Gabon); (c) wings with well expanded postdiscoidal ﬁeld and larger anal loop
(female from Cameroon); (d) ‘atypical’ forewing and hindwing very similar to those in Neodythemis (female from Cameroon) – note:
posdiscoidal ﬁeld well expanded before nodus level, anal loop with six cells. AL ¼ anal loop; Arc ¼ arculus; Ax1, Ax2 ¼ ﬁrst and
second andenodals; Br ¼ bridge; CG ¼ cordulegastrid gap; CuSp ¼ cubital space; IR2 ¼ intercalary R2; LG ¼ libellulid gap;
LOV ¼ libellulid oblique vein; Mb ¼ membranule; Mspl ¼ median supplement; N ¼ nodus; PDF ¼ postdiscoidal ﬁeld; RP3/
4 ¼ (third+fourth) radius; Rspl ¼ radial supplement; t ¼ discoidal triangle.
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Figs. 26 and 27. Larval types. (26) Larva of sympetrine type;
Sympetrum sanguineum (Mu¨ller, 1764) (modiﬁed from Ham-
mond and Merritt 1985): (a) general habitus and (b) head in
frontal view – note: large compound eyes well developed
laterally, lateral sides of occiput largely convergent, weak
thorax bearing long and thin legs. (27) Larva of libelluline
type: (a) general habitus of Libellula angelina Se´lys, 1883
(modiﬁed from Ishida and Ishida 1985) and (b) head in frontal
view of Libellula depressa Linnaeus, 1758 (modiﬁed from
Hammond and Merritt 1985) – note: small compound eyes
upturned, lateral sides of occiput behind eyes parallel to body
axis, strong thorax bearing rather short and strong legs,
tapered abdomen ending with long and acute anal pyramid.
G. Fleck et al. / Organisms, Diversity & Evolution 8 (2008) 1–1610as well: ‘‘Great variations are found between the archaic
and recent [venational] elements of this subfamily, so
discordant in fact, that it is obvious that much morestudy is necessary before the correct classiﬁcation of this
large mass of heterogeneous genera can be solved.’’
Apart from highly variable venational characters, a
set of larval features appears to harbour phylogenetic
signal (Fig. 27): (1) head squarish, (2) edges of occiput
near eyes parallel, (3) antero-lateral eyes small, often
well protruding dorsally, (4) occiput well developed, (5)
distal margin of mentum generally ﬁnely crenulated,
short seta present at level of each depression, (6) apex of
distal margin usually well protruding anteriorly and/or
bearing a small protuberance, (7) distal margins of
larval palpi without deep crenulations, (8) abdomen
long and distally tapered, (9) legs rather strong, (10) anal
pyramid well developed, with long paraprocts and
epiproct, and (11) larvae usually hairy and with small
(or absent) lateral abdominal spines. All these larval
characters seems to be apomorphic using Corduliidae as
outgroup; they provided the best foundation for
classiﬁcation of the Libellulinae, in contrast to wing
venation which displays high variability within the
subfamily.
Lastly, the females of Libellulinae bear two foliated
expansions on the ventro-lateral sides of S8. They are
(secondarily?) absent in few genera only, such as in
Nesoxenia Kirby, 1889, Lathrecista Kirby, 1889, Dipla-
cina Brauer, 1868, and Amphithemis Selys, 1892.
Like the majority of Libellulinae, the females of
M. camerunica exhibit well developed lateral expansions
on S8. Females in Allorhizucha and Neodythemis
also possess such expansions, but these are weakly
developed. Furthermore, all 11 larval characters men-
tioned above are present in M. camerunica, A. klingi
and N. africana (character 5 is present, but the
crenulations are weakly developed and can be nearly
imperceptible in a few specimens of these genera).
This observation implies two possible explanations.
Either all of those larval similarities between the
Libellulinae and Micromacromia, Allorhizucha and
Neodythemis are homoplastic between these groups
due to similar lifestyles of the larvae (and the
female lateral expansions are homoplasious as well),
or these resemblances reﬂect close phylogenetic
relationships. It is worth noting here that all of those
larval characters are related to a speciﬁc burrowing
lifestyle.
If these larval characters are really homoplasies,
monophyly of the subfamily Libellulinae is less reliable
than previously assumed. This would have serious
consequences in other libellulid subfamilies as well,
since many of the characters considered as reliable for
classiﬁcation would become questionable. Nevertheless,
it seems that larval characters are more pertinent at
some phylogenetic levels than adult venational char-
acters or even than adult characters in general, as
demonstrated by Fleck (2004), Fleck and Nel (2003),
Fleck et al. (2002), and Fleck and Orr (2006).
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close relationships between the Libellulinae and this
small group of ‘Tetrathemistinae’, we have to conclude
that the latter actually are a para- or even polyphyletic
group. This implies that ‘Tetrathemistinae’ is in need of
a comprehensive revision.
Our morphological analysis already suggests that
wing venation in Tetrathemistinae is not ‘primitive’ at
all, but likely an effect of size reduction in evolution.
Fraser (1957), followed by Davies and Tobin (1985),
deﬁned a set of ‘archaic’ ( ¼ plesiomorphic) characters
partly deﬁning the Libellulidae. The species possessing
these characters were placed in Tetrathemistinae, which
was de facto considered as the most ‘primitive’ group of
Libellulidae. This is confusing and unclear, because in
potential outgroup taxa – the Corduliidae s. str. and
Macrodiplacinae (considered as the sister-group of
Libellulidae and raised to family rank by some authors
like Fraser 1957; Bechly 1996 or Hawking and
Theischinger 1999) – these characters are absent or
homoplastic. Inclusion of Micromacromia, Allorizhucha
and Neodythemis in the subfamily Libellulinae implies
that the following ‘archaic’ features of these taxa
are derived characters within Libellulidae (compare
Figs. 22, 23 with Fig. 25):(1) arculus situated between second and third antenodal
(in the outgroup taxa it is found between the ﬁrst
and second antenodal);(2) forewing with costal side of triangle angulated, or
triangle equilateral (in the outgroup taxa the
discoidal cell is predominantly represented by a
transversely elongated triangle; note that four-sided
discoidal triangles are absent in the ground plan of
Anisoptera);(3) hindwing narrow and anal loop absent or reduced
(in the outgroup taxa the anal ﬁeld is broad and the
anal loop is well developed and foot-shaped);(4) accessory cross-veins present in the bridge and
cubital space (no accessory veins are present in
macrodiplacids; in corduliids s. str. they are usually
absent or only one accessory is visible, two
accessories are rarely observed; in ‘Tetrathemistinae’
more than two accessory cross-veins are frequently
observed, thus we consider this character state as a
potential autapomorphy) – remark: this character
seems to be variable within Libellulidae, since one or
more accessory cross-veins are present in some
Libellula (Libellulinae), Thermochoria (Brachydipla-
cinae), Diastatops (Palpopleurinae), Neurothemis
(Sympetrinae), etc.;(5) basal side of hindwing triangle distal to arculus (it is
at the level of the arculus in macrodiplacids; in
corduliids s. str. it is at most slightly shifted to distal,
but never as far as in ‘Tetrathemistinae’, thus we
consider ‘basal side of the hindwing triangle welldistal to arculus’ as a potential autapomorphy of this
latter group);(6) Rspl parallel to IR2, long and ending at wing margin
(in the outgroup taxa they are not parallel, shorter
and ending well before the wing margin).If the above-mentioned characters really were plesio-
morphic, Tetrathemistinae would fall outside of Libel-
lulidae and even Corduliidae s. str. This consequence
has eluded most dragonﬂy systematists up to now.
We therefore conclude that Micromacromia, Allorhi-
zucha and Neodythemis are true Libellulidae and belong
to a monophyletic group included in Libellulinae. This
result is surprising when imaginal characters and, more
precisely, wing venation of Allorhizucha and a ‘classic’
libelluline taxon, for example Orthetrum, are compared
(Figs. 24 and 25). The autapomorphies allowing
separation of Micromacromia, Allorhizucha and Neo-
dythemis from other Libellulinae are:(1) reduced number of larval palpal setae,
(2) unique organisation of larval mental setae (in
inverted shape),
(3) derived adult wing venation (long fusion of sectors
of arculus, anal loop reduced or absent, accessory
cross-veins to the bridge and in the cubital space,
forewing discoidal triangle small and nearly equi-
lateral, hindwing triangle usually crossed and shifted
towards distal, Rspl long, parallel to IR2 and ending
at wing margin, absence of Mspl from forewing
correlated with narrow postdiscoidal ﬁeld, Mspl
absent or weak in hindwing, ‘libellulid oblique vein’
indistinct, and libellulid and cordulegastrid gaps
somewhat reduced),(4) shared general shape of male genital hamule (see Ris
1909, ﬁg. 43 on p. 75 or ﬁg. 52 on p. 83),(5) small forms coloured black and yellow in the adults.Micromacromia could be the sister taxon to all other
‘Tetrathemistinae’ in this small monophyletic group, as
it exhibits the following plesiomorphic characters:(1) larval eyes projecting well above occiput,
(2) more than one palpal seta on larval mask,
(3) costal margins of larval wing pads parallel,
(4) larval abdomen more elongate than those in
Neodythemis and Allorhizucha,
(5) females with well developed expansions on S8,
(6) more than one row of cells in forewing postdicoidal
ﬁeld close to or at triangle.Neodythemis and Allorhizucha probably form close
sister taxa, based on the following synapomorphies:(1) minute denticle present in median part on labial
teeth (much more developed in N. africana),
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(3) complete absence of dorsal hooks, but presence of
hypertrophied abdominal setae,
(4) remarkable pattern of dark brown abdominal spots,
(5) larval eyes not projecting above epicranium,
(6) females with expansion on S8 weakly developed,
(7) base of vein MP on MAb.Fig. 28. Base frequencies and rate proﬁles. (A) Sorted plot of
base frequencies; species with lowest AT content on the left.
(B) Rate proﬁle along the alignment. Strong heterogeneity of
substitution rates is obvious.In summary, representatives of ‘Tetrathemistinae’, in
which larvae are not of the ‘libelluline type’ and females
are without expansions on S8, should not belong to
Libellulinae. The ‘Tetrathemistinae’ should no longer be
considered as the most ‘primitive’ group of Libellulidae,
but on the contrary as very specialised groups within the
whole family. All specialised characters are most likely
homoplasies among the different ‘Tetrathemistinae’,
and even in other subfamilies such as Brachydiplacinae.
These characters could have evolved as an adaptative
response to the rainforest environment, the preferred
habitat in these groups.
In order to present further support for this proposal,
we performed an analysis based on an independent set
of molecular data.
Molecular data
The data consisted of 2039 aligned positions con-
catenated from 16S rRNA, tRNA valine, and 12S
rRNA fragments of which several sections were
unalignable. These positions (47–55, 619–622, 721–756)
were excluded from subsequent phylogenetic reconstruc-
tions. In Fig. 28 we plot base composition against
species for parsimony informative sites, and a rate
proﬁle along the alignment. Base composition is
homogeneous within the data, but strongly shifted
towards a high AT% content. Substitution rates are
heterogeneous.
The majority rule consensus tree of the Bayesian
analysis is presented in Fig. 29. It shows that the
supposedly monophyletic Tetrathemistinae clearly dis-
integrates, its representatives being placed all over in
Libellulidae. Micromacromia, Allorhizucha and Neo-
dythemis group within Libellulinae, with signiﬁcant
support from posterior probability values. Monophyly
of a part of Tetrathemistinae within this Libellulinae
clade is only weakly supported. The position of the
other tetrathemistine taxa within this tree is partly
well supported (Fig. 29). The ML bootstrap analysis
delivered much lower support. This was not unexpected,
however, as it is well known that bootstrapping clearly
underestimates support in particular for fairly robust
nodes (Felsenstein 2004). It is the contrast between often
over-optimistic posterior probabilities and overly pessi-
mistic bootstrap results which can give hints to where
truly signiﬁcant results can be found. The bootstrap
analysis shows that some of the remarkably highposterior probability values are likely unrealiable. The
genera Micromacromia, Allorhizucha and Neodythemis
again group within Libellulinae, and the monophyly of
Libellulinae and these three tetrathemistine genera is
again well supported. An analysis based on more than
90 species of Libellulidae and identical molecular
characters delivers a quite similar result (data not
shown). This extended data set will be presented
elsewhere (Fleck et al., unpublished). In summary, we
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Fig. 29. Phylogenetic relationships based on Bayesian reconstruction and ML bootstrap resampling. (A) Bayesian consensus tree
with posterior support values.
G. Fleck et al. / Organisms, Diversity & Evolution 8 (2008) 1–16 13can conclude that the molecular analyses support our
phylogenetic hypothesis based on larval characters.
It is important to note that these molecular data do
not even support paraphyly for Tetrathemistinae. The
molecular results conﬁrm the morphological ones, with
Micromacromia as sister taxon to Allorhizucha and
Neodythemis, all belonging to the subfamily Libelluli-
nae. Additionally, the representatives of Libellulinae
(10+3 genera) appear monophyletic despite the inclu-
sion of ‘atypical’ libelluline taxa such as Agrionoptera
Brauer, 1864, Misagria Kirby, 1889 or Cratilla metallica
(Brauer, 1878). Monophyly of Libellulinae receives high
support in this Bayesian analysis of mt rRNA data(posterior probability of 1). Overall, the mt rRNA data
appear informative for parts of the tree, but lacks
phylogenetic signal for deep phylogenetic resolution of
Libellulidae.Conclusions and evolutionary implications
Placement of ‘Tetrathemistinae’ as a ‘primitive’ stem
group of Libellulidae based on so-called archaic
characters is certainly not compatible with present
phylogenetic methodologies. Many of the proposed
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Fig. 29. (continued) (B) ML bootstrap resampling tree.
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cladistic reasoning (Fraser 1957; Davies and Tobin
1985; Bridges 1994; Steinmann 1997). Recent attempts
to at least partially resolve phylogenetic relationships
within Libellulidae employing cladistic methods have
essentially failed (Bechly 1996). The group eludes
exhaustive taxonomic and phylogenetic work due to its
number of species, and presents morphological and
ecological diversity which mirrors the diversity found in
the whole suborder Anisoptera. The traditional classi-
ﬁcation into several subfamilies, relying heavily on wing
venational characters or more generally on imaginal
characters, is obviously inadequate and does not reﬂect
natural groups. It will be necessary to investigate new
character sets within a cladistic framework in order to
establish a reliable picture of relationships within
Libellulidae (Fleck 2004; Fleck et al., unpublished).
We speculate that homoplasies of venational char-
acters are an underestimated ubiquitous phenomenon
within Anisoptera. This poses a fundamental problem to
dragonﬂy systematics, since most of the currently
hypothesised relationships in other families are also
predominantly based on wing characters (see von
Ellenrieder 2002).
Our analysis of larval and molecular characters shows
that Tetrathemistinae, one of the key groups within the
family, are clearly an unnatural group, as was suspected
already by Vick (2000). An inspection of species within
the genera Eothemis and Hylaeothemis with their similar
male appendages and female lateral abdominal expan-
sion suggests a close relationship to Micromacromia,
Allorhizucha and Neodythemis. Additionally, Mesum-
bethemismight also be closely related to this clade (Vick,
personal communication). This would imply that there
are even more taxa within Tetrathemistinae which
should be included in Libellulinae.
From an evolutionary point of view, inclusion of the
tetrathemistine taxa in Libellulinae radically shifts our
perception of the evolutionary potential within the
subfamily. The included tetrathemistine taxa inhabit
running waters and typically tropical forest with dense
vegetation. This is different from the usual habitat of
libelluline taxa, namely open stagnant waters with
exposed areas. In addition to this ecological diversity,
morphological diversity is remarkable, ranging from
large, mainly red or blue coloured sexually dimorphic
species to fairly small, black and yellow monomorphic
forms. The larvae, however, seem to maintain their
general appearance despite ecological and imaginal
diversiﬁcation (Fleck 2004).
It is obvious that the imaginal phase experiences most
of the evolutionary change, and it can be speculated that
it is mostly this ontogenetic phase which drives
speciation phenomena (see Misof 2002; Fleck 2004;
Fleck and Orr 2006). From this it also follows that larval
characters preserve more of the phylogenetic signalrelevant for deep-level systematics within Libellulidae
and potentially in other families as well.Acknowledgements
We would like to express our thanks to Mr. G. Vick
and Mr. D. Chelmick (The Cameroon Dragonﬂy
Project) for fruitful discussions. We are greatly indebted
to Dr. P. Posso, Director of CENAREST/IRET Gabon,
for logistic support, and to Mr. R. Sonnenberg for his
patience in the ﬁeld.
Our sincerest thanks go to Mr. T. Aoki (Japan),
Dr. V. Clausnitzer (Germany), Dr. M. Kraemer
(Germany), Mr. M. Sugimura (Japan), Dr. K. Tenessen
(USA), Dr. M. Wiemers (Germany), and Dr. W.C. Yeh
(Taiwan) for providing material.
This work was supported by DFG grants MI 649/1-1
and MI 649/3-1 to B.M.References
Bechly, G., 1996. Morphologische Untersuchungen am Flu¨-
gelgea¨der der rezenten Libellen und deren Stammgruppen-
vertreter (Insecta: Odonatoptera), unter besonderer
Beru¨cksichtigung der Phylogenetischen Systematik und
des Grundplanes der Odonata. Petalura 2, 1–402.
Bridges, C.A., 1994. In: C.A. Bridges (Ed.), Catalogue of the
Family–Group, Genus–Group, and Species–Group Names
of the Odonata of the World, third ed., Urbana, IL, USA.
Clausnitzer, V., 1999. Description of the ﬁnal-instar larva of
Notiothemis robertsi Fraser, 1944 (Anisoptera: Libelluli-
dae). Pantala (Int. J. Odonatol.) 2, 77–82.
Corbet, P.S., 1999. Dragonﬂies: Behaviour and Ecology of
Odonata. Harley Books, Colchester, UK.
Davies, D.A., Tobin, P., 1985. The Dragonﬂies of the World,
vol. 2: Anisoptera. Societas Internationalis Odonatologica,
Rapid Communications, Suppl. 5.
von Ellenrieder, N., 2002. A phylogenetic analysis of the
extant Aeshnidae (Odonata: Anisoptera). Syst. Entomol.
27, 437–467.
Felsenstein, J., 2004. Inferring Phylogenies. Sinauer Associ-
ates, Sunderland, MA.
Fleck, G., 2004. La larve du genre Cyanothemis Ris, 1915
(Odonata: Anisoptera: Libellulidae). Conse´quences phylo-
ge´ne´tiques. Ann. Soc. Entomol. Fr. (N.S.) 40, 51–58.
Fleck, G., Nel, A., 2003. Revision of the Mesozoic Family
Aeschnidiidae (Odonata: Anisoptera). Zoologica 153,
E. Schweizerbart’sche Verlagsbuchhandlung, Stuttgart.
Fleck, G., Orr, A.G., 2006. Une larve du genre remarquable
Nannophyopsis Lieftinck, 1935. Importance pour la phylo-
ge´nie de la famille (Insecta, Odonata, Anisoptera, Libellu-
lidae). Ann. Naturhist. Mus. Wien B 107, 121–130.
Fleck, G., Bechly, G., Nel, A., Escuillie´, F., 2002. The larvae of
the Mesozoic family Aeschnidiidae and their phylogenetic
implications (Insecta: Odonata: Anisoptera). Palaeontology
45, 165–184.
ARTICLE IN PRESS
G. Fleck et al. / Organisms, Diversity & Evolution 8 (2008) 1–1616Fraser, F.C., 1954. Further notes and descriptions of new
species of Libellulidae from tropical Africa. Rev. Zool. Bot.
Afr. 50, 252–268.
Fraser, F.C, 1957. A Reclassiﬁcation of the Order Odonata.
Zoological Society of New South Wales, Sydney.
Hammond, C.O., Merritt, R., 1985. The Dragonﬂies of Great
Britain and Ireland, second ed. Harley Books, Colchester, UK.
Hawking, J., Theischinger, G., 1999. Dragonﬂy Larvae
(Odonata). A Guide to the Identiﬁcation of Larvae of
Australian Families and to the Identiﬁcation and Ecology
of Larvae from New South Wales. CRCFE Identiﬁcation
Guide 24, Albury.
Huelsenbeck, J.P., Ronquist, F., 2002. MrBayes 3: Bayesian
Analysis of Phylogeny. Computer program distributed by
the authors. Department of Ecology, Behavior and Evolu-
tion, University of California.
Ishida, S., Ishida, K., 1985. Odonata. In: Kawai, T. (Ed.), An
Illustrated Book of Aquatic Insects of Japan. Tokai
University Press, Kanagawa, pp. 33–124 (in Japanese).
Jobb, G., 2005. TREEFINDER, version October 2005. Compu-
ter program distributed by the author. /www.treeﬁnder.deS,
Munich, Germany.
Misof, B., 2002. Diversity of Anisoptera (Odonata): inferring
speciation processes from patterns of morphological
diversity. Zoology 105, 355–365.
Misof, B., Fleck, G., 2003. Comparative analysis of mt 16S
rRNA secondary structures of odonates and its relevance to
phylogenetic problems in insect systematics. Insect Mol.
Biol. 12, 535–547.Misof, B., Rickert, A.M., Buckley, T.R., Fleck, G., Sauer,
K.P., 2001. Phylogenetic signal and its decay in mitochon-
drial SSU and LSU rRNA gene fragments of Anisoptera.
Mol. Biol. Evol. 18, 27–37.
Pinhey, E.C.G., 1961a. A Survey of the Dragonﬂies (Order
Odonata) of Eastern Africa. British Museum (Natural
History), London.
Pinhey, E.C.G., 1961b. Dragonﬂies (Odonata) of Central
Africa. Occas. Pap. Rhodes-Livingstone Mus. 14, 538–646.
Pinhey, E.C.G., 1962. A descriptive catalogue of the Odonata
of the African continent. Publ. Cult. Comp. Diamant.
Angola 54, 11–322.
Ris, F., 1909. Libellulinen monographisch bearbeitet, 1.
Collections Zoologiques du Baron Edm, de Selys Long-
champs, vol. 12, pp. 1–120.
Silsby, J., 2001. Dragonﬂies of the World. CSIRO Publishing,
Collingwood, Australia.
Steinmann, H, 1997. World Catalogue of Odonata. Vol. II.
Anisoptera. In: Fischer, M. (Ed.), The Animal Kingdom.
A Compilation and Characterization of the Recent
‘Animal Groups, part 111. Walter de Gruyter, Berlin,
New York.
Tillyard, R.J., 1917. The Biology of Dragonﬂies. Cambridge
University Press, London.
Vick, G.S., 2000. Mesumbethemis takamandensis gen. nov.,
spec. nov., a new genus and species of the Tetrathemistinae
from Cameroon, with a key to the African genera of the
subfamily (Anisoptera: Libellulidae). Odonatologica 29,
225–237.
